Summary: Recovery of brain mitochondrial function was studied following forebrain ischemia induced in rats by common carotid artery occlusion in combination with hy potension caused by bleeding. A reversible insult was in duced by 15-min ischemia in fasted animals (hypogly cemic ischemia), and an irreversible one by 30-min isch emia in fed animals (normoglycemic ischemia), the latter procedure causing exaggerated lactic acidosis as well. Mitochondrial function recovered during a 30-min recir culation period after 15-min hypoglycemic ischemia, al though a small amount of Ca 2 + accumulated during re circulation. Thirty-minute normoglycemic ischemia in-
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The inability of mitochondria to resume normal function during recirculation following transient ischemia has been implicated as a factor of major importance in the pathogenesis of irreversible cell injury (Mergner et aI. , 1977; Rehncrona et aI., 1979; Farber et aI. , 1982; Mela, 1982; Fiskum, 1983) .
In the brain, the effect of global ischemia on mi tochondrial function has been extensively studied (Ozawa et aI. , 1967; Lazarewicz et aI. , 1972; Schutz et aI., 1973; Ginsberg et aI. , 1977; Mela, 1979a) . There is little information, however, on the re covery of such alterations. Rehncrona et aI. (1979) and Mela (1979b) , employing 30 min of ischemia and 30 min of recirculation, reported only partial recovery of mitochondrial function following se vere, incomplete forebrain ischemia, whereas the recovery was total following complete global isch emia.
The aim of the present investigation was to study to what extent and at what rate mitochondrial func-duced irreversible mitochondrial damage that was not associated with Ca 2 + accumulation during recirculation. Ischemia of 15 and 30 min caused a loss of mitochondrial Mg 2 + (�25%) that persisted during recirculation but did not influence recovery. Based on our earlier data obtained on isolated brain mitochondria in vitro, it is suggested that the lack of full recovery following 30 min of nor moglycemic ischemia was due to the profound lactic acidosis during this insult. Key Words: Brain ischemia Ca 2 + accumulation-Hydrogen ion concentration Lactic acidosis-Mg2+ loss-Mitochondrial damage Oxygen radicals.
tion recovers following IS-min near-complete hy poglycemic ischemia with low tissue lactate (fasted rats) as compared with a more severe insult with a high lactate level (3D-min normoglycemic ischemia in fed animals). Interest was also focused on the mitochondrial content of Ca 2 + and Mg 2 + in relation to ischemia/recirculation. In addition, the ischemic mitochondrial alterations are discussed in the per spective of oxygen radicals and lactic acidosis.
MATERIALS AND METHODS

Animals
Male Wistar rats (300-400 g), S.P.F. (Mpllegaard Avls laboratorium, Copenhagen, Denmark) were used. Fed animals had free access to water and rat pellets prior to the experiment. Fasted animals were deprived of food overnight and put on special bars to prevent coprophagia.
Operative technique
Anesthesia was induced with 3% halothane. Following orolaryngeal intubation, the animals were paralyzed with 1 mg i. v. suxamethonium chloride and artificially venti lated on a small animal respirator (Harvard Apparatus Rodent Respirator) with a mixture of 0.5% halothane in 30% OPO% Np. One catheter was inserted into the tail artery for MABP monitoring and blood sampling, a second in a tail vein for drug infusion, and a third in the left jugUlar vein for bleeding. Threads were put around both common carotid arteries for later clamping. EEG electrodes were inserted subcutaneously into the fron toparietal region. At this point the halothane was turned off and the animals were allowed a steady-state period of 30 min, during which the ventilation was adjusted to give blood gases according to Ta ble 1. Body temperature was maintained at 37"C.
Induction of ischemia
Near-complete forebrain ischemia was induced by the combination of carotid artery occlusion and hypotension induced by bleeding, using a modification of the method of Nordstrom and Siesjo (1978) as described by Smith et al. (1984) . Fasted animals were used to induce hypogly cemic ischemia and fed animals for normoglycemic isch emia. In most experiments trimethaphane camphor sul fonate (Arfonad, 5.0-7.5 mg) was infused intravenously in addition to bleeding to hasten the reduction of blood pressure. Disappearance of the EEG was regarded as the starting point for the ischemic period during which the MABP was maintained at 50-60 mm Hg by small modi fications of the circulating blood volume. During ischemia a lamp was placed over the skull (at a predetermined distance) to prevent a drop in brain tissue temperature.
The recirculation period was started after 15 or 30 min of ischemia by removal of the clamps and reinfusion of the blood.
Isolation of brain mitochondria
At the end of the experiment, the animals were decap itated by guillotine, and the forebrain (brainstem and cer ebellum removed) was placed rapidly in the ice-cold iso lation medium. The isolation procedure, which is a mod ification of the method of Clark and Nicklas (1970), has been described in detail . In summary, the mitochondria were isolated by a centrifu gation procedure, including a Ficoll gradient, following manual and enzymatic disintegration of the tissue.
Two 20-fLl samples of the final pellet were taken for measurement of protein and Ca 2 + plus Mg 2 + content, re spectively. The mitochondria remaining after respiratory activity analysis (see below) were used for determination of the cytochrome a + a 3 concentration.
Mitochondrial respiratory activity
Respiratory activity of the isolated mitochondria was measured polarographically with a Clarke type of elec trode in a closed and magnetically stirred glass chamber (volume 0.54 ml; Eschweiler & Co. , Kiel, ER. G) at 23°C. The reaction medium consisted of 150 mM KCI, 10 mM K-phosphate buffer, 1 mM ethyleneglycol tetraacetate (EGTA), pH 7. 4. State 4 respiration was measured with 10 fLl 0.5 M malate plus 0.5 M glutamate or with 10 fLl 1. 0 M succinate (in the presence of 2 fLl I mM rotenone) as substrate. The substrates and EGTA were neutralized with KOH before use. State 3 respiration was initiated by the addition of 1.5-3.0 fLl 0. 1 M ADP to the systems respiring in the presence of phosphate and malate plus glutamate or succinate. The respiratory control ratio (RCR) was measured as the ratio of State 3 to State 4 respiration. Uncoupler-stimulated respiration (State 3U) was measured following addition of 1.0 fLl 1 mM carbonyl cyanide m-chlorophenylhydrazone (CCP). The ADP/O ratio was calculated as the ratio of the added amount of ADP to the total amount of oxygen consumed (Estabrook, 1967 ). All respiratory rates were expressed as nmol oxygen consumed/min/mg mitochondrial protein.
Additional methods used
Protein concentration was measured according to the method of Lowry et al. (1951) . To tal mitochondrial Ca2 + and Mg 2 + content was measured by atomic absorption (Varian AA-6) in a nitrous oxide/acetylene flame. Before measurement the mitochondrial samples were rinsed twice with reaction medium (with EGTA omitted) that had previously been passed through a chelating Sepha rose 6B column (Pharmacia Fine Chemicals) to reduce the content of Ca 2 +. The samples (20 fLl) were then di luted 50 times with 0.1 M perchloric acid containing 200 fLg ml-1 K + as ionization buffer and sonicated. The Te flon cup technique (Manning, 1975) was used with 200-fLl doses for Ca 2 + and 100-fLl doses for Mg 2 +. We determined cytochrome a + a 3 as the difference in optical density (at 445-460 nm) between the fully oxidized (after addition of rotenone) and the fully reduced (after addition of di thionite) states of the enzyme using an Aminco dual wavelength spectrophotometer.
Statistics
One-way analysis of variance was employed for statis tical evaluation (Statistical Analysis System) using Dun can's multiple range test to test differences between ex perimental groups. Differences with a p value of <0.05 were considered to be statistically significant.
Materials
Suxamethonium (Celocurin Klorid) was purchased from ACO Liikemedel AB (Solna, Sweden); trimetha ph an camphor sulfonate (Arfonad) from Roche (Basel); and CCP from Sigma Chemical Company (St. Louis, MO, U. S.A.). Chelating Sepharose 6B obtained from Phar macia Fine Chemicals (Uppsala, Sweden). Other chemi cals were commercial products of the highest available purity.
RESULTS
Physiological parameters are listed in Ta ble 1. Thirty-minute normoglycemic ischemia was asso ciated with a profound metabolic acidosis, which was not reversed during 60 min of recirculation. There was a marked increase in blood glucose in the 30-min normoglycemic ischemia group (fed an imals), whereas during 15-min hypoglycemic isch emia (fasted animals), the increase was minimal. The erthrocyte volume fraction decreased moder ately during ischemia and tended to normalize upon recirculation. Following carotid artery clamping, there was a short lag period (30-60 s) during the bleeding procedure before cessation of EEG ac tivity. Seven rats (of 70) were excluded from the study. In one of these animals, the EEG did not disappear, in another there was an increase in MABP above 60 mm Hg during ischemia, and in the remaining five MABP fell below 100 mm Hg during recirculation. We started to use trimethaphan during the 30-min ischemia series and employed it throughout the 15-min series. The advantage of using this vasodilating agent was that a much smaller bleeding volume was required to obtain the desired hypotension. In ad dition, these animals more easily maintained MABP during recirculation. Since the density of ischemia with and without trimethaphan is similar (Smith et al. , 1984) , data obtained with both procedures in the 30-min series of experiments were pooled.
Mitochondrial yield
Neither 15-nor 30-min ischemia caused any de crease in the total mitochondrial yield of cyto chrome a + a3 or protein (Table 2) . On the contrary, there was a minor increase in both parameters fol lowing 15-min ischemia, which persisted during re circulation. Both cytochrome a + a 3 and protein yields, though, remained at control levels after 30-min ischemia.
Mitochondrial response to 1S-min hypoglycemic ischemia Figure 1 (a-c) shows examples of oxygen elec trode recordings of brain mitochondria isolated fol lowing ischemia and recirculation. Fifteen minutes of ischemia caused a marked decrease in the State 3 and State 3 U respiratory rates. These changes were fully reversed during 30 min of recirculation. As illustrated in Fig. 2 both types of substrate and normalization upon re circulation (Table 3) . The RCR and uncoupler-stim ulated respiration (State 3U) paralleled the changes in respiratory rates ( Fig. 2 ) Both parameters re turned to control levels during recirculation.
Mitochondrial response to 30-min normoglycemic ischemia
Examples of oxygen electrode recordings are shown in Fig. 1 Cd and e). Ischemia was associated with a severe decrease in State 3 respiration with both NAD-linked (malate plus glutamate) and FAD linked (succinate) substrates. During the first 30 min of recirculation, there was partial recovery that was not enhanced when recirculation was pro longed to 60 min (Fig. 3) . The results of two exper iments with 90-min recirculation (not shown) were in the same range as those in the 60-min group. There was a marked decrease in State 4 respiration Table 3 ). The decrease in RCR and State 3U during ischemia was only partly reversed upon recirculation.
Mitochondrial response to complete ischemia
To study the effect of complete circulatory arrest on mitochondrial respiration, 11 nonfasted rats were subjected to decapitation ischemia. The heads were stored anaerobically at 37°C for 0 (control), 5, or 15 min following decapitation before isolation of mitochondria. As illustrated in Fig. 4 , State 3 res piration was markedly decreased already after 5 min of ischemia with both NAD-and FAD-linked substrates. The effect of 15-min complete ischemia on State 4 and State 3 respiration was similar to that of 15-min incomplete ischemia (Fig. 2) .
Mitochondrial Ca2+ and Mg2+ content
Fifteen minutes of ischemia caused no change in Ca2 + content. However, after 5 min of recircula tion, the mitochondria had accumulated a signifi cant amount of Ca2 + (Table 4) . The Ca2 + level re mained elevated after 30 min of recirculation. There was no statistically significant change in Ca2 + con tent in the 30-min ischemia series.
Both 15-and 30-min ischemia caused a decrease in Mg2 + content (25%), that persisted during recir culation.
DISCUSSION
Methodological considerations
The ischemia model used in the present study produces close to zero blood flow in the forebrain (Kagstrom et aI., 1983) . ATP levels are rapidly and consistently depleted during ischemia (Nordstrom and Siesjo, 1978; Kagstrom et aI., 1983) , demon strating extensive inhibition of mitochondrial ac tivity.
The method for isolation of mitochondria has been used earlier in our laboratory Hillered et aI. , 1983 Hillered et aI. , , 1984 . As indi cated by the results of Rehncrona et al. (1979) , using the same isolation technique, ischemia may cause structural damage to a fraction of the mito chondria that would, owing to a change in density, be lost during the centrifugation procedure. The re sults obtained in the present study, however, fail to support such a "selection phenomenon," since nei ther the cytochrome a + a3 nor the protein yield decreased owing to ischemia/recirculation (Table 2) . We will discuss below the possibility that acidosis, especially if excessive and/or prolonged, can con tribute to mitochondrial dysfunction owing to isch emia. We wish to recall, though, that in the present study, mitochondrial function was assessed at normal pH (7.4). Thus, any inhibition of respiration due to acidosis in vivo must represent an effect that persists in spite of the normalization of extramito chondrial pH during isolation.
To avoid a possible negative influence on mito chondrial respiration (Ginsberg et a!. , 1977) , halo thane was turned off for 30 min before the induction of ischemia. Furthermore, in our hands, RCR values obtained in mitochondrial preparations fol lowing decapitation under halothane anesthesia were not lower than those obtained with only N 2 0/ 0 2 or without anesthesia (data not shown).
Mitochondrial response to ischemia
The mitochondrial alterations during ischemia found in the present investigation essentially cor roborate the results from other laboratories (Ozawa et aI. , 1967; Lazarewicz et a!., 1972; Schutz et aI., 1973; Ginsberg et aI. , 1977; Mela, 1979b; Rehncrona et aI. , 1979) . In all these studies, State 3 respiration was the most sensitive indicator of ischemia. For unknown reasons, the inhibition of State 3 respi ration occurred considerably later in the reports by Schutz et al. (1973) and Ginsberg et al. (1977) . These differences in time course have been dis cussed earlier by Mela (l979a).
Mitochondrial function during recirculation
As stated earlier, the main purpose of this study was to elucidate the recovery of mitochondrial func- tion following ischemia. In the study by Rehncrona et al. (1979) , there was only partial recovery after 30 min of recirculation following 30 min of severe, incomplete forebrain ischemia (in fed rats). The question was whether this was due to a delayed restitution of mitochondrial function or represented a permanent damage. The present results indicate that the latter is the case, since the degree of re covery after 60 and 90 min (data not shown) was similar (Fig. 3, Ta ble 3) . Interestingly, ADP/O (with malate plus glutamate) returned to control level during recirculation, confirming that this parameter ,... is relatively resistant to ischemia, which is in agree ment with results reported on ischemic mitochon drial damage in other organs (Chaudry, 1983) . Re covery of all indices of mitochondrial function fol lowing IS-min hypoglycimic ischemia was extensive and rapid (Fig. 2, Ta ble 3) . 6" (19.9-25. 3)
The number of animals in the pooled control group was seven. Values are means (95% confidence limits) expressed as nmollmg mitochondrial protein.
" Statistically significant difference from control group.
thesis that persists and is not reversed unless Ca2 + is released from the mitochondria (Roman et ai. , 198 1; Nowicki et ai. , 1982; Hillered et aI. , 1983; Ernster, 1984) . In the present study the main ob jective of measuring the mitochondrial content of Ca2+ and Mg2+ was to explore a possible influence of these ions on ischemia-induced changes in re spiratory activity. Whether or not the ion levels measured reflect true in vivo conditions is not clear. The control value for Ca2+ given in Ta ble 4 is at the same level as reported as normal in vivo (Fiskum, 1983) . The extramitochondrial conditions (high concentration of EGTA, low temperature) pre vailing during the isolation procedure would pre vent further uptake as well as free fatty acid-in duced release (bovine serum albumin present) of Ca2+ during this time (see Harris, 1979) . In addi tion, Na + was omitted in all solutions used to pre vent an activation of the Na + ICa2+ antiporter (Crompton et aI. , 1978) . It is possible, however, that some Ca2+ may have leaked out during isolation. With this reservation in mind it seems justified to conclude from the Ca2+ data in Ta ble 4 that, as expected (Fiskum and Lehninger, 1980; Carafoli, 1982) , there was no Ca2+ accumulation during isch emia. On the contrary, a minor loss seemed to occur during 30 min of ischemia: also, although the mi tochondria accumulated Ca2 + (�5 nmol/mg protein) during recirculation following 15-min ischemia, they were able to restore normal function, indi cating that the amount of Ca2 + accumulated was too small to interfere with ATP synthesis. This conclu sion would also account for the finding ( Ca2+ -in an oligomycin-like fashion (Ernster and Lee, 1964 )-cannot alone explain the ischemia-in duced mitochondrial alterations. The reason why there was no accumulation of Ca2+ following 30-min ischemia is not known. It is possible that a combi nation of alterations of intracellular conditions caused by this prolonged ischemic insult inhibited mitochondrial uptake of Ca2+ during recirculation. Such alteration may comprise decreased levels of adenine nucleotides, increased levels of H +, N a + , and free fatty acids, and a raised mitochondrial NAD(P)+/NAD(P)H ratio (Fiskum, 1983) . It has been suggested (Ginsberg et ai. , 1977 ) that a loss of Mg2+ during ischemia could, at least partly, explain the decrement in mitochondrial func tion. In the present study, although ischemia/recir culation was associated with a decrease in mito chondrial Mg2+ content (Table 4) , this was unre lated to the degree of recovery during recirculation (Figs. 2 and 3 ). This conclusion is consistent with the results reported by Rehncrona et ai. (1979) , in which addition of Mg2 + to the assay medium failed to restore the ischemia-induced decrease in State 3 respiration.
Role of oxygen radicals. It was shown in a pre vious report by that in vitro exposure to oxygen radicals produced a severe inhibition of State 3 respiration in brain mitochon dria. According to the data presented in Fig. 4 , complete ischemia resulted in a similar decrease in State 3 respiration compared with the near-com plete ischemic insult (Fig. 2) . Since the amount of residual oxygen in the tissue is very small in the former condition, it is less likely that oxygen radic cals are responsible for the mitochondrial alteration occurring during ischemia. It is still possible, how-ever, that the persistent damage during reoxygen ation after 30-min ischemia (Fig. 3) may involve radical mechanisms.
Role of lactic acidosis. The level of brain tissue lactate during incomplete ischemia is dependent on the preischemic stores of glucose and glycogen, on the remaining perfusion, and on the blood glucose concentration during the insult. Fasted animals ac cumulate close to 15 "",mol lactate/g brain tissue during IS-min ischemia (Kagstrom et al. 1983) . Values for fed animals during a 30-min insult are �30 "",mol g-I (Nordstrom and Siesjo, 1978) . Esti mated intracellular pH values corresponding to these lactate levels are 6. 5 and 5. 8, respectively .
As reported in an earlier communication (Hill ered et aI. , 1984), brain mitochondrial State 3 res piration was severely inhibited by acidosis in vitro. Prolonged exposure to pH 6. 1 was associated with incomplete recovery. Thus, although a IS-min ex posure to a pH of �6.S in vivo (hypoglycemic isch emia) was associated with a complete recovery of State 3 respiration (Fig. 2) , it is possible that the lack of full restitution following 30-min normogly cemic ischemia (Fig. 3) was influenced by the more pronounced acidosis. This suggestion is supported by the fact that in the study by Rehncrona et al. (1979) , mitochondrial respiration did recover after 30 min of complete ischemia, where the acidosis is less pronounced (tissue content of lactate � II "",mol g-I; Rehncrona et aI. , 1980) . In summary, the results of the present study dem onstrate that mitochondrial function was fully re stored during 30-min recirculation following IS-min hypoglycemic ischemia, whereas 30-min normogly cemic ischemia was associated with irreversible mi tochondrial damage. Fifteen minutes of ischemia was associated with a minor accumulation of Ca2 + in the mitochondria during recirculation, which did not, however, hinder a complete recovery of mito chondrial function. There was no Ca2+ accumula tion following 30-min ischemia. Ischemia induced a loss of mitochondrial Mg2+ (�2S%) that persisted during recirculation, but did not influence recovery of mitochondrial function. Based on in vitro data from a previous study, it is suggested that the pro found lactic acidosis during the 30-min insult was responsible for the lack of full recovery of mito chondrial function. This possibility is presently being investigated in our laboratory.
